The discrepancy between supernova explosion rates estimated from statistics of pulsars and of supernova remnants (SNRs) is well conciliated, if we consider that a considerable fraction of SNRs is missing. As the causes of missing SNRs, we have examined two cases, i.e., the supernova explosions have occurred in a hot, rarefied ambient matter or within stellar wind bubbles. For both cases, usual shell-forming radio SNRs are not expected at the stage, when their radii are smaller than ~30 pc. From these, we predict the supernova rate would be (2~5) X r5~, with rs~ being the rate determined from the counts of radio SNRs. This rate is not inconsistent with the one determined from pulsar statistics. Some other problems on missing SNRs will also be discussed. § 1. Introduction
There have been indicatedn, 2 > that the radial distributions of molecular clouds, HII regions and young stars show clear peaks at the ring region of radius R = 4/"'-'7 kpc in our Galaxy. Therefore, this region is considered to be active in star formation. As a result, we can expect that the supernova explosions, especially the type II supernovae whose progenitors would be massive stars, might occur. frequently. This fact will be verified by the observations of radial distributions of supernova remnants (SNRs) and pulsars.
In Fig. 1 , we illustrate the radial distributions of number densities for molecular clouds/> recombination-line intensities of hydrogen (HII regions) s> and SNRs.
•> These are normalized at the radial distance R = 10 kpc. Moreover, the frequencies of supernova explosions in external galaxies of similar types to our Galaxy are also plotted, 5 > where the radii of galaxies are appropriately ad- justed. Since the radial distribution of pulsars is not determined with certainty due to selection effects, we have not illustrated it, but it is between the distributions of supernovae and SNRs. From these, the observed distributions of supernovae, their progenitors and SNRs are not fully consistent. It seems that some objects would be missing in detection.
Moreover, it is indicated that the time interval of supernova explosions rsN, is estimated to be 5~30 y from the statistics of pulsars, 6 J while to be 40~80 y from the counts of SNRs.7l This discrepancy may be conciliated if we consider a considerable number of SNRs are missing. As a cause of missing SNRs, the selection effects in observations are naturally considered, i.e., the difficulty of identification with SNRs. Generally, SNRs are identified by means of distributions of S II lines in expanding nebulae, the X-ray and non-thermal radio-emission rings, and existence of pulsars. 4 J However, the detections of these features are very difficult. Therefore, it may be considered that the discrepancy will be solved when the observations are improved.
However, as is seen later, there may be SNRs which do not show the abovementioned features at all, at least, at the very young stages with the radii smaller than ~30 pc. These SNRs are inevitably missed in detections.
As the first case, the supernova explosions have occurred within a hot rarefied medium, which was proposed by McKee and Ostriker. 8 J If the ambient gas density is as low as na=3 X 10-3 cm-3 , the early free-expansion phase continues till SNRs extends to ~26 pc. These SNRs in the adiabatic shase will not be observed, since they expand too extensively to be detected, due to low brightness and short evolving time. 9 J Moreover, as the second case, we consider that the supernova explosions have occurred within hot bubbles, which are formed surrounding 0, B stars by strong stellar winds. 10 J All 0 stars form the hot bubbles and these stars turn off from main sequence about ~3 X 10 6 y. Since the time interval from the red-giant phase to final supernova explosion is shorter than 10 5 y, the hot bubble would not be destructed at the time of explosion. Therefore, an SNR with the radius smaller than the bubble radius RB would be missing. Although these events are expected for type II supernovae, the type I supernovae (low mass stars accidentally to be) within the stellar bubbles will also be expected, since the stellar bubble radius is larger than 20 pc.
As the third case, we may consider the supernova explosions have occurred within the dark clouds, so that the shell expansion is interrupted due to a high mass density of ambient medium. In such a case, the expansion laws and observational features of SNRs seem to be distinctly different from those studied till now. Then, although such supernova events may affect the statistics of pulsars and SNRs, we will not consider in the present paper.
In the present paper, we study the expansion laws of SNRs within a hot gas region and a stellar bubble, and examine how the statistics of SNRs is affected by these SNRs. In § 2, the fundamental data and the numerical results are given. In § 3, some discussions on statistics of pulsars and SNRs are given. § 2. Fundamental data and numerical results
For simplicity, we assume the spherical symmetry. As for the supernova explosion, we assume the explosion energy to be E 0 = 10 51 ergs and the ejected mass to be LIM= 3M 0 . As for the stellar wind, we assume the mass-loss rate to be M w= 10-6 M 0 y-1 and the wind velocity to be V = 2 X 10 3 km s-1 • Therefore, the ejection rate of kinetic energy is Lx=2.7X10 36 ergs s-1 • We assume the lifetime of 0 stars to be rB = 3 X 10 6 y.
The basic equations used in this investigation are dp -+pflv=O dt ,
and an equation of state, where U is the specific internal energy, n 2 A is the radiative loss per cm 3 and IC is the coefficient of thermal conductivity. We assume the thermal conductions to be the classical one as /C = !C0T 512 , !Co= 6.0 X 10-7 ergs cm-1 s-1 deg- 7 The equation of state is P=kpT/!1H and U=kT/(r-1)/lH, rand 11 being the adiabatic exponent (r= 5/3) and the mean molecular weight (/1 = 0.62), respectively, and k and H being the Boltzmann constant and the hydrogen mass. The equations are written in finite-difference form, and the spatial division is 50 to 200 meshes with equal size. An Eulerian code of the beam scheme is adopted from the one written by Hirayama. 12 l In the case of a supernova explosion, the energy of E0 was deposited at the innermost cell as heat at the initial stage. In other cells, the uniform density na and the uniform temperature Ta are assumed, or the structure of a stellar bubble of the age rB = 3 X 10 6 y is assumed. In the case of a stellar wind, the energy of LK· Lit, the mass of M w· Lit and the momentum of M w· V· Lit were deposited at the innermost cell for every time step. Table I . Calculated models of ambient media RA, RB and Ra are, respectively, the final radii of an SNR, a stellar bubble and an SNR exploded within a bubble of the age 3.X 10' y.
Model No. 
*
We have studied five cases of ambient matter as in Table I , in which the number density na and temperature Ta are summarized. Moreover, we have summarized the final radius of an SNR, RA, and that of stellar bubble, RB (the bubble radius at the age rB = 3 X 10 6 y). The radius Rc is the final SNR radius in the case when a supernova explosion has occurred at the center of a stellar bubble with the radius RB. From these results, we approximately obtain the dependence of these radii upon na as
The expressiOns of final radii of SNRs, RA and Rc, are easily understood as follows: The expansion law of an SNR in the radiative phase is expressed as R,oc (t/na) 11 ', t being the age of an SNR. The shell stopping is expected when the expansion velocity becomes equal to the sound velocity of ambient matter, V, = dR,j dt= constant. As a result, we obtain R,=na -113 • On the other hand, the expression of RB is essentially the same as the one obtained by Weaver et al., 10 ) R,ocna -0.29.
In Fig. 2 , the time variations of expanding shock fronts of SNRs (solid line) and of stellar bubbles (dash-dotted line) are illustrated. The dashed lines in SNR-fronts show the stages when the thermal wave goes ahead of the shock front. The acceleration of shock front due to the supernova explosion within the wind bubble is illustrated in these models.
The structures of remnants are illustrated in At the stage (b), the shock wave generated by supernova explosion within the bubble does not reach the front. After the shock wave has overtaken the front, the structure is essentially the same as that of a usual SNR as shown at the stage (c). The shell acceleration by supernova explosion is little.
From the above results, we can draw the following conclusions in the case of supernova explosions within stellar bubbles:
1. SNRs with the radii smaller than Re are completely missing. 2. The age of an SNR with the radius between RB and Rc should not be determined by means of its apparent size and a usual expansion law. Although the size is large, the true age after the explosion is small, and its age corresponds to the age of the pulsar produced at the explosion. 3. Similarly the density of ambient medium should not be estimated by means of the size of an SNR, when R>RB.
4.
Since the expanding front has been accelerated by supernova explosion, the expansion velocity is unusually high in spite of a large size.
On the other hand, in the case of Model IV (na = 3 X 10-3 em-s, Ta = 10 5 K) the extension of an SNR exceeds 200 pc and the expansion velocity decreases to the sound velocity of ambient medium, Cs=36 km s-\ before the cooling shell is formed. Therefore, this SNR does not show the characteristic features of an SNR, so that this will not be identified with an SNR. § 3. Discussion
Radio surface brightness of SNRs
The radio surface brightness .S of SNRs is well related to its diameter D as 13 l
where .S 0 = 2.88 X 10-14 W m -2 Hz-1 sr-1 is the radio flux at v = 1 GHz and z IS the height (in pc) of an SNR from the disk plane. This /z / effect comes from the dependence of synchrotron emmision rate and expansion law of an SNR upon the density of ambient medium. Since the general ambient gas is distributed as n ( /z /) = na (0) exp ( -/z//100 pc) and na (0) ~1.0 em -3 , we can rewrite Eq. (12) as (13) The limiting surface brightness IS .S 1 im~10-22 W m-2 Hz-1 sr-1 in the table summarized in Ref. 13 ).
In the present case of supernova explosions in a hot gas region (na = 3 X 10-3 em -3 ) , the SNR of the radius smaller than 3.6 pc is to be observed. However, this stage is the free expansion stage and less luminous than .Slim according to the model by Gull.w Therefore, this SNR will be missed in the radio observation.
On the other hand, in the case of a supernova explosion within a hot bubble, we must consider the following point. It is the configuration of magnetic field within a cavity at the stage when the shock radius .by the supernova explosion is smaller than RB. It seems the magnetic field will be swept to the cooled shell of the stellar bubble. Thus, the relativistic electrons ejected by supernova outburst can freely expand to the bubble radius RB, so that we must take the radio emitting diameter as D= 2RB. From Eqs. (10) and (13), the case na<0.35 cm-3 cannot be observed because of I<Ilim· So long as na<1 cm-3 , the surface brightness is less than 2.9x10-21 vV m-2 Hz-1 sr-1 • Such low-brightness SNRs are detected only 4 SNRs within 125 ones tabulated in Ref. 13) , and three of them are at I z I> 100 pc. Therefore, the probability of detection of such SNRs IS negligibly small.
From the above, the SNR within a hot gas region or a stellar bubble 1s missed in detection at the present detection limit.
Supernova explosion rate in our Galaxy
From the statistics of pulsars, the supernova explosion rate is estimated as one supernova per (5~40) y, 6 l depending upon the assumed average electron density in the interstellar medium and the lifetime of pulsars. On the other hand, from the counts of shell radio SNRs the supernova rate is estimated as one supernova per~SO y.n Therefore, the difference between these two results, at least, should be conciliated by missing SNRs since the supernova events not leaving neutron stars (=pulsars) may be expected. Then, we will estimate the true rate of supernova explosions using sbove results.
We assume that the supernova rate rsN is constant, the interstellar space is occupied with a hot, rarefied gas with the volume fraction fh and the remainder is occupied with warm medium, na = 1 em-s and Ta = 10 4 K. Moreover, we assume the fraction fj of supernovae in the warm medium has exploded within stellar bubbles.
Therefore, we derive the supernova rate as where d;N, r¥m and r~N mean the supernova rates outside of stellar bubbles, within bubbles and in the hot region, respectively. Since almost SNRs used for determining the rate are those with the radii smaller than ~30 pc, the estimated rate corresponds to r~N· Then, the true rate becomes (15) In this equation, we assume the fraction of occupied volume with a hot gas to be fh = 0.3~0.6. 8 ) This will be rather conservative if we consider the discussion by McKee and Ostriker 8 l and Cox. 15 ) As the unknown factor fj, we suppose that this corresponds to the fraction of type II supernova rate to the total supernova rate,16l (0.3~0.6), multiplied by the fraction of 0, B stars which belong to stellar associations/n (0.5~0.9), i.e., fl= (0.3~0.6) · (0.5~0.9) = (0.15~0.54).
Then, the true rate will be rsN::::::::: (1.7 ~5.4) r~N .
Thus, if the production rate of shell forming remnants 1s one per 80 y,7) the true rate should be one per (15"-'47) y.
Future remarks
Both in our Galaxy and Magellanic Clouds, extraordinary large circles or ridges of HI gas and optical filaments are frequently discovered.18l. 19 ) These are called a supershell or superbubble. Although further detailed studies on the size, velocity and total mass of these objects are necessary, it will be highly probable that these larse-scale structures are understood in relation to SNR events studied in the present paper. Especially, since 0-and B-stars are formed as an association or a group, some cooperative phenomena of many bubbles and supernova explosions will be expected. A preliminary study on this problem has already been presentecl! 0 ) In the succeeding paper, we will investigate this problem more quantitatively. In the present paper, we have not studied the supernova events in the clark clouds. We should examine the observabilities of such supernovae, pulsars and SNRs, and should consider the effects on the statistics of them in future.
Moreover, it is desirable to study optical, radio and X-ray features of SNRs with the radii larger than ""'30 pc. If young pulsars of the age :S;10 5 y are discovered in spite of apparently old (>10 6 y) SNRs, these objects may be SNRs exploded within bubbles. Generally speaking, the discrepancy between the age of a pulsar and that of an associated SNR is conciliated if the former is younger than the latter.
